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Abstract

['he spectra and the basic properties of the onia and the hybrids of the exotic calored
«rmions, which accur in some of the composite models and certain thearetical models,

re studied sytematically, based on the QCD and bag model considerations.
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I. Intreduction

Leptons and quarks ere in color singlets end triplets respectively. However, certain
exotic colored fermsons which are in different color multiplets are predicted by certain
theoretical models. For example, color octet glunios (g) by SUSY QCD [1-3) some
sextet and/or octet colored fermions by some fermionic composite models {*-7 Even
in the technicolor and extended technicolor model 8-23), exotic colored fennions may
occur too, provided that the tcclhn.imlor force is of that to make technicolor singlet
needs odd technifermions, .g., the technicolor is of SU(N) with odd N.

In fact, let us consider a fermionic model, involﬁng one more nonabelian gauge
interaction besides the color among the fundamental fermions, and let the "extra”
interaction is stronger than that of the color( being a nonabelian interaction, the
*extra® interaction will have asymptotic free and confinement nature), then owing to
the confinement, certain kinds of composite particles of the strong gauge interaction,
or say bound states , will be formed in the model. They are in singlet of the strong
interaction as required by confinement, but may be in various color multiplets cven
though the fundamental fermions are in color triplets only. Therefore the exotic
coloted fermions happen to come into a model is a frequent consequence ,especially,
for those kinds of models, in which one more strong interaction is invelved. Recently,
quite a lot of literatures spotlight on the various consequences of the exotic colored
fermions 13-34, that in some sense also implies the exotic colored fermion idea is
becoming popular.

In composite models, in order to protect the usual composite fermions {leptons
and quarks) from obtaining masses in the magnitude order of the strong interaction,
s well as, in the technicolor and extended technicolor model, in order to generate
some of the wanted goldstones through certain symmetry breaking pattern, most
of these models bear some global symmetries, which will not only do something on
the usual fermions (quarks and leptons), but also on the exotic colored fermions,
e.g., in some composite models, the exotic colored fermions occur in certain solutions
of the anomaly match conditions *8=%), hence, if those kinds of solutions will be
chosen, the exotic colored fermions may not be very heavy. Comparing them with
the composite energy scale, they are considered being massless. On the other hand,
there are some arguments 7= that if these kinds of models come into reality,

j.e., the exotic colored fermiorns.do exist, then based on some consideration about
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dynamical symmetry breaking, the exotic fermions cannot be as light as quarks and
leptons either. They should have masses in the magnitude order of a few hundreds
GeV to TeV. This argument is not dependent on specific concerned models very much,
but essentielly on the color behavior of the exotic fermion themselves {we will explain
it briefly in the next section). Having & mess of a few hundreds GeV to TeV, the

exotic colored fermions are accessible in near-future experiments.

If the exotic color fermion really exdists, to explore the propertics and the roles of
their bound states would become a very interesting Lopic.

In this paper, we would focus our discussions on the spectra, the possible decays
and some basic properties, for the onia and the hybrids, because they are compara-
tively easier to deal with and more important. We would rather discuss Dirac exotic
fermions than Majorana ones later on, because they appear in many models and there
have been some discussions on gluino (Majorana) already.™l Not losing generality,
we will also restrict ourselves to discuss two kinds of the hypothetical exotic fermions
S and O in color sextet and octet respectively. 2

Using the potential framework to anelyze the onia and hybrids of heavy quarks is
quite successful [?-2¢). Thus, for the preliminary discussions, we work in the poten-
tial framework, and, based on the perturbative QCD and bag model considerations,
generalize the potentials from those for the quarks to those for the exotic colored
fermions.

We organize the paper as follow, in the next section, we will briefly review the
arguments on the masses of the exotic colored fermions and work out the potentials
50 ns to calculate the spectrum of the onia snd the hybrids. In section I, we will
discuss their decays and their basic properties. Some conclusions and a summary will
be made in the last section on the onia and the hybrids of the exctic fermions.

In {act,there is no stable colored octet and singlet quark, the octet ope must be a lepton and

the sextet a quark.
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II. Spectroscopy

A. The masses of the exotic colored fermions.

In the introduction we pointed out that the masses of the exotic colored fermions will
probably be in a magnitude order of a few hundreds GeV to TeV, and it is essentially
dependent on the color behavior of the exotic fermions. Now, we briefly retell the key

points here, which can be found in refs. {17,18].

Because we are interested only in those fermions which are sccessible, in other
words they are protected by some symmetry from obtaining a mass in the magnitude
order of the confinement energy scale Ay of the strong gauge interaction, we will start
the story with massless exotic colored fermions. Therefore, let us sec how the massless
exotic colored fermions acquire masses by certain spontancous symmetry breaking.
It is & consequence of the following two points. One is that below the confinement
cnergy scale Ay of a fundamental gauge interaction, the effective interactions among
the composite fermions might be described by an effective Lagrangian

Loys ~ g* /Ay (P9 + Frgpdlip) | (1

where g is the coupling constant of the fundamental gauge interaction, ¥ the compos-
ite field operator, and I'; certain combinations of the Dirac y-matrices. The second
point is of the nonperturbative effects of QCD, i.c., the composite fermions condense
< Yf ># 0. These two points cowork; the first term of eq. (1) will turn out to be

the mass term:
CIAFEINY) — PN < > b~ myd
moo~ g Ay <P > (2)
Marciano ") first conjectured that to form condensates is dependent on the represen-
tation of the color of the fermions, and the conjecture has been proved later by Kogut

et al. [*® with the Mont Carlo calculations on the lattice gauge model. They presented

the criterion for forming condensate of various fermions due to color interaction

Cie, ~ Const. (0.5 — 0.6) . (3)
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Hete, C; is the second order Casimier operator of color, and a, is the running coupling

constant of QCD. The eigenvalue of C; is varying from one color multiplet to enother,

for instance:

0 singlet
4/3 triplet
c = / P (4)
10/3  asextet
l 3 octet

end o, runs with the energy scale changing in logarithm. Therefore, for various
multiplets to satisfy the criterion e.g. (3), €; changes a little, the a, too, but the
condensate energy scale would change greatly. In general, for condensate we have

<'IL'I[’>~A: ' (5)

here A, is the energy scale of the condensate, thus the fermions acquire masses in the

order of g*A2/AY;
2rad

m~ gAY < yp >~ g*ALJAY . {(6)

According to the criterion, eq. (3), it is easy to estimate A, of triplet and sextet
end/or octet etc. Because this kind of masses for the usual quarks is about 300 MeV,
as a direct inference, for sextet or octet the colored fermion messes should be about
a few hundreds GeV to TeV, depending on how many fermions and how heavy their
masses, or in other words to say when they begin to pley roles in a, running.?
Being general and typical enough, let us consider § and O i.e., the two kinds of the
hypothetical exotic colored fermions in o sextet and an octet of color representations

and their masses in the region of & few hundreds GeV.

B. The observable states (color singlet) of the exotic colored
fermions S and O

Referred to the usual quark cases, we may divide the color singlet bound states

involving S and O, into the following categories:

Qunia : §5,00,

2t should be noted that liere we are concerning the constituent masses in some sense, and ignore

lie generation mixing problem at all.
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Hybrids 55‘9 ,Og,00g
“Open” Exotic Hadrons : 533 ,04q§---
599,5993,04999, 0337 -
. 80¢ ,50q ,50%5--- . (7)

Of them, the onia and hybrids are comparatively simple for dealing with. We,
thercfore, highlight on the onia and the hybrids in this moment. Especially the onia
are the easiest ones. Based on the knowledge of the quarkgnin, it is reasoneble to
believe the nonrelativistic potential framework is suitable, end as the quarkunium
cases, the behavior of the potentials at short distances will be determined by the
perturbative QCD precisely. The cases for hybrids are complicated a little, but the
Born—Oppenheimer approximation seems to work well owing to the exotic fermions
are certainly heavier than that of a real gluon, and the behavior of the exotic fermion
interaction at short distances should also be determined by the perturbative QCD.

C. Potential and spectroscopy (Onia)

For quarkumium cases, the potential is obtained based on the following three consid-
erations.
1. At long distances, it grows linearly leading to confinement.
2. At short distances, it spprosches what the two-loop perturbative QCD calcula-
tion predicts.
3, It turns out the correct spectra of the discovered quarkonia (cg) and (45).
In order to satisfy these three points, there are several versions of the potential

(for quarkonia) already{®*=2¢) In this paper, we would start with one of them given
by Igi and Onol*® as follows:

V(r) = VAF(T) +ar
_ 16r 1 2vs+ 3 462In(f(r))
Var(r) = 25 rf(r) ( f(:")7 625f(r) )
f(r)

In [l/(A..,—.r)’ + ] (8
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and the parameters

Ary = 300MeV, a = 0.1414GeV?, b = 19.0,

1

where yg is the Euler’s constant, The first term of V(r), Vir(r) includes the total
short distance behavior, which is determined by QCD two-loop calculation, the second

term of V(r), ar presents the long distance behavior of confinement.

For the exotic fermionia we should obviously stend on the same foot as the quarko-
nia to compute the potential but the fermions are in different color multiplets should
be concerned. Therefore, if there is no new dynamics at such short distences which
have never been touched by heavy quarkonia, corresponding to €q.(8), the part Vyr
of the potential should change into

VA.F(") = a'(ﬁ ‘ﬁ) ’

r

L A _c__bbin)
=) = 50 (1 o) baf(r))

2
bo = ll—gﬂf N
34 10
h = g(cz(c))z— 3 C1(Glny — 2C:(R)ny,

3 10
c = -E];- (?IC;(G) - -é'-ﬂ;) +%ve (9)

where T}, T} are the color operators of the exotic fermion and (anti)fermion respee-

tively. In fact, from SU(3) group theory, we know

B+ Ty -T -1 _ G(1,2) - G(1) - Ca(2)
2 2

Ty-Th =) TYTs = (10)

the eigenvalue of (T} T";] is dependent on the representations of the fermion, (antiHermion

and the system i.e. C2(1},C32(2) and C3(1,2). So if the system is in a color singlet
and Cy(1) = C4(2) 1.e. , the case of onis, then

(Ti-T2) =-Ca(1) = -Ca(2) (11)

that means between the exolic fermion and the antifermion there is a stronger at-

tractive interaction than that between quark and antiquark es (Tl : '1';) = -4 for
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qurkonia, ('-I‘1I T ) = -3 for (00), and ('I1 2) = - 10/3 for (SS} Later on we
will use the foot indices such as .-J-', 2 and ~ 19 etc. to note the dimension of the
color representation,

With respect to ar, the long distant part of V(r), being short of methods to
dealing with the nonperturbative effects of QCD, we do not know much about it
we consider the following two cases.

(1) color dependent confining potential (CDCP)

UORERAMOR RN SV ST
(i1) universal confining potential (UCP)

V(r) = VAI-'(r) + ar
We point out here that because of the exotic fermions bei{ng heavy enough the
short distance behaviour of the potential becomes crucial namely the low lying
energy levels are not dependent on this assumption very much, and for more
detail study on this assumption see Ghosh et 31[29].

Not knowing the exotic fermion masses exactly and in order to have pictures
on the spectra of the onia and the hybrids, we will take some typical values such
as 50 GeV, 200 GeV and 1 TeV as examples to discuss in this paper, By using the
potentials given above, the energy levels of 0D and 5§ are computed out (table 1.

The potentials of (55'): and (OO): are compared with that of quarkonium in
Fig.1. The formers are much steeper than the latter due to the color factors, so that
we have much larger energy level splitting for (Oé)_._ and (53)1 than those for(QQ)}_.;

TABLE 1
Binding energy of the color singlet fermion-antifermion system (H(ff)—mf-m—f)
(GeV) computed using two kinds of potentials; CDCP and UCP.
(a) (0808)1

H0=50 GeV 200 Gev 1000 Gev
CcDCP uce CDCP uce cocr uce
15 -7.303 -7.321 -16.579 -16,585 -49.17 -49.17
1P -3.782 -3.829 ~7.492 -7.507 -19.63 -19.613
1p -2.662 ~-2.740 -4.988 -5.016 ~11.93 -11,94
25 -3.559 -3.619 -7.084 -7.104 -18.53 ~18.54
35 ~2,349 -2.458 -4.632 -4.671 -11.06 -11.07
48 -1.631 -1.785 -3.506 -3.567 -7.88 -7.90
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TABLE 2

Abelian charges of type I denoted by e and those of type Y deaoted by g for hybrid
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(b) (550,

M =50 GeV 200 GeV 1000 GeV

CDCP uce cDee uce coee uce

15 -8.873 -8.857 | -20.229 -20.235 -60.351 -60.352
1P -4,538 -4,589 -9.066  -9.082 -23.975 -23.978
1D -3,198 -3.284 -6,000  -6,031 -14.513 ~14.521
23 -4.278 ~4,343 -8.570  -8.591 -22.643 -22,648
3s -2.851 -2.970 -5.574  -5.616 -13.444 -13.455
48 -2.020 -2.192 -4,218  -4,282 9,553 ~9,570

D. Potential and spectroscopy (hybrid)

Next we consider the states which include one or two constitutent gluons i.e. the
hybrids. Oce might think that the spectra of ((OO):g)l and ((0Q):rgg), will not
be much different from that of (Oé)_._ statc since the energy of a gluon is much smaller
than that of (O0) system. However, the behaviour of the potential V{(r) for (00)
or (§3) system, is proportional to (7, - ﬁ) ond its eigenvalues are different from
each other for (00);,(55),,(00)1,(85)s,(00)y, (00)rand(55);r. In addition,
for bybrids the interaction between the exotic fermion and antifermion is affected by
the consitituent gluon(s).

The eflective interaction between the exotic fermion and antifermion § and 5
or O nnd O) can be computed in a specific model. We accept the bag model of
Heasenfratz, Horgan, Kuti and Richard (HHKR)[”} end T. D. Lee!® o5 our working

framework.

Now we are dealing with the non-Abelian interaction of color, the gluon exchange
interaction is always to contribute a factor gf(fﬁ -T,) instead of an abelian charge
for the Abclian case, here g, is the coupling constant of the color. Being a trick,
we may introduce two types of Abelien “charges” [ and Y denoted by e and g re-
spectively to deal with the factor (ﬁ . ‘f,) for the rank 2 non-Abelian algebra of
the color. In the ($5g) system,the pair of (S,5) must be in & color octet when
the whole system is in a color singlet, then their charge ¢ and g will be assigned
in table 2. In table 2 besides (SS‘g)_,_, the assignments of the charges € and g for
((55)3399)1,((06):?)5: ((00)1999)}_ and ((OO);_,gg).._ are also given.

states —
s5¢ (SS),09
M
Particle S S q S S q g
Color .8 27 _er_
Chorge™| 6 6 8 6 6 8 £
e |L BT _1 3 ol -2dZfe 24246 ave
243 23 3 3 3
o |5 L | § o
(00),, 99 (00}, 99
e ——
Particle | O 0 g 9|0 0 g 4]
Color ‘__‘_2’1_____ 27 ‘...__19_,_. ’__JE)’_
Charge~| 8 8 8§ 8| 8 8 8 8
e 0 2 -:";- -2 —% olo 4 -J3 o
] !
CR— _— - 3 0 o -J3
9 |F £ - BB S
(Oo)eg
Particl 0
i
Chorge 8 8 8
3 3
e > -3 0
Y
o |2 3 -5
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The Born-Oppenheimer approximation is used to obtain the effective potential
between the exotic fermion and antifermion. Now we take S and 5 as example to
consider the (§5g),; system.

"We put 5,5 and one of transverse ( constituent ) gluon into & spherical bag with
redius R. In fact, the spherical bag approximation makes the slope of the potential
higher than that of the actual potential, thus, it would be desirable to use a deformed
bag. However the calculation with & deformed bag is very complicated. Here for the
low lying states, which is deformed from a spherical bag a little, we think that to
use the spherical bag approximation is good encugh. The constituent gluon occupies
a definite quantum number in the spherical bag i.c. statiopary TE or TM mode. A
straightforward calculation the potential between § and 5 in the (§5g): system is
obtained (it is deflerent from that computed out in ref.[3] due to the various eigenvalue

of (T - Th).

1le, 4 al,
JUe 4 s

V(?;S)(") = 6 r ' 3 BT o
10 r? ry\?
+ R[ {4R= L“("(m) )}
11 11 r 3?2 2r 3¢
* ?fm=—+r=+s’“(l+(2n)) '6+§}'2_=] (12)

for {(55)a,g): . Here the r is the distance between S and §, the first term comes
from the one gluon exchange, the Coulomb - like interaction. The second term is
the volume energy and the third term is the energy of the gluon without considering
the interaction. We compute only the lowest gluon mode (TE), which corresponds to

E = 2744,
In the same way we find the other cases of the potentials:

2a,
27 il RS Al z } I'l z
l*(sS)(") ir R R

: %[%{r;é:;wm(l—%)’)}
v s (0 (&)

-11- FERMILAB-Pub-87/56-T

Ney

for ((.5'5')3_:,99)1 M

Ja,
Viooy(r) = ———'+ *RAY + 2

R
3a, 202 2 2
+ _9_{_f___21n( __g__)+ r

2R |4R?* -2 41R? 4R 4 2
3
In{1 (.1'__) -
+ ( (%
r? 8
+ :E:“‘s}
for ((Oé)_'_lg)ﬁv
4 a&- a):-a
Vooyr) = grRAp+ i+ -

+
(&)
Sl

[ ]
(<. Y ’=]
Loy

for ((OO)w, gg)x and

VEor) = 24 ZxRa} 4 & 4 Sy
3 R R

4 e[ 3 r ry?
R 4R=—r=—4R=+r=_3ln(l_(ﬁ))
r\? rN\? 36

- '“(”('ﬁi))“(iﬁ) —3‘]

for ((00)y, 99), -

(13)

(14)

(15)

(16)
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The bag redius R is determined by the minimization condition §V/§/ = 0 for
given r. The eflective potentids are determined by min V(Hr), which 1s called Vir)
again. The effective potentials found in this way for various color cowbinations arc
compared with those for {55), and (OO)_,_ . In order to obtain the spectra, let us
put the effective poteatizl into the Schrédinger equation for each case, then we have:

1 & 1 <(L-73)) 3
*ﬁdj'ﬁ('“) + E—“r—,‘_‘f’(") + V(r)y = E¥(r)
<(L-3V> = LL+D+i(F+1)- 247 an

where L is the total orbi:}nngulur momentum and 7 is the angular momentum of the
gluon (7 = 1 for the lowest TE mode). A is the cigenvalue for the projection of the
gluon's angular momentum along the (S5). or {O0), axs.

In fact,there are two models to classify these hybrid states. In the first model
we use the similanity for the states to those for diatomic molecules as what did in
ref [32]. We neglect the spin-dependent forces, thus the energy levels can be specified
by the value of < (L ~ 7)? > and the number of radial nodes of the wave function.
The quantum numbers of ((55).+g); states in cach level in this model are exactly the
same as those for hybrid meson ((@Q)sg),, which are already described in ref.[32]
and we will not repeat here. But we need to point out here that for ((OO_):g)l., there
is one very important difference ') namely when reducing two of coupled octets then

two different octets will occur in the decomposite series
Ex 8=l 041074+ (18)

the symumetric ope 8 and the antisymmetric one 88, Therefore, we have (O0)s.
and (O@)._'., they under the first order approximation degenerate, but have opposite
charge “parity”. In the next section we shall see that (O0).. and (OO), have very
different decay modes and in the last section we will discuss the problem on degenerate

removing. The rest quantwm numbers of (O0),. and (OO)L. are the same as those
of (55)..

Following ref.[32] we name the energy levels in the following way according to the
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expectation values of < (E -3 >

2, 1A, 24, 3A4,---
<{L-3)>=4{4, 1B, 2B, 3B,--- (19)
6, 1C, 2C, 3C,---

We do not know for sure if the above model is appropriate for (58g}; or (00g),
states and if these hybrid states are not so similar to the diatomic molecules. In
the case of the light diatomic molecule, the motion of the electrons are very much
restricted to the axis of the two nuclei, so that it is betier to introduce a coordinate
system which is moving together with the two nuclei. In contrary to this aspect, for
hybrid states the bag radia are much larger than the distances between S and 5 (or
O and O ), especially for ((S5)ag)s (or ((00)sg); ) case, the interaction of the two
constituents is attrective at short distances (Fig. 1). This means (55). (or (00).)
is well concentrated near the center and the wave function of the gluon is not much
disturbed by the finite size of (S5)s ( or (O0), ) wave function. Therefore, the
(55)s (or (0O0), ) exds does not play an important role for the gluon wave function.
If the picture is true not only due to the attractive force at short distances but also
due to heavy messes of the constituents, then ((55)gg): ( or ({00)gg), ) states
might be the case too.

In the second model for the hybrid state classification it isreasonsble to assume
that the gluon inside the bag is free.

The total wave function is simply the product of the (§5)s ( or (00), ) wave
function ( with L? instead of < (L~ ) > in eq.(17) and shifting zero point of energy
) and the free gluon wave function. In this model the lowest state for (S5) or (CO)
is simply 15 state and next one is the 1P state and so on. Owing te < (L-F>>2
for the TE model in the first model, the (55). or (00). cannot be in an § state in

the sense. Energy levels in two models are compared in the following

<(L-3P> orL*| Model } Model 2 .

0 forbidden allowed (1S)
2 allowed (1A) ellowed (1P)
4 allowed (1B) forbidden
6 allowed (1C) allowed {1D)




-14- FERMILAB-Fub-87/56-T

Note that the model 1 is constructed for hybrid systems (Fﬁ'g]l, one gluon hy-
brids, and can not be applied to the states with two gluons such as ((SS‘]gg)_;' and
((0O)gg): directly. The diatomic molecule-like model for two gluon hybrid states
has not been studied yet. However we think that we do not need such a model eo far

because probably the hybrids for their low lyihg states are more likely suitable to the

second model.

Each effective potential includes a term (f‘; . F_;)o:,/r (the first term of eqgs.
(9), (12) — (16) ) and this term correspond to one gluon exchange disgram. As
discussed for onia the one gluon exchange potentiel ehould not be as singular as 1/r
but should be softened to 1/(rlnr) due to high¥order corrections. Thus we replace
one gluon exchange term by Vir(r) defined in Eq. (8) after a suitable change of the
color factor due to (T, - T;) for different multiplets.

In table 3 we show spectra of the various hybrid states calculated in this way.
Mostly we use the second model but only for (S5g); and (00g), states we add states
14,1B,1C following the first model classification. As expected the level splitings of
the hybrid states are much less than those of onia (55); and (00), states but still
quite big for the low lying states of ((00)g), and ((S5)g);-

~15-

TABLE 3

Binding energics of hybrid states {M(hybrid) — m; — my} (GeV)

FERMILAB-Pub—87/56-T

(a) (S¢ 36)s 9
STATE L{L+1) Mg =50 GeV 200 GeV 1000 GeV
1S 0 - 2.692 - 6.795 -20.930
1P=1A 2 - 1.020 - 2.781 — 8.143
18 4 ~0.735 —-2028 ~— 5.856
1D=1C 6 —0.534 — 1 .656 — 4.755
2S 0 - 0.965 —2.591 - 7.640
35 0 - 0.336 —1.479 - 4.350
4s 0 -0.053  -0.936 - 2.945
(b) (0363)3 g
STATE | 2(+)  Mg=50GeV 200 GevV 1000 GeV
1S 0] - 1.697. —4.542 - 14.290
1P=1A 2 - 0.559 - 1.761 — 5.476
I8 4 -0.293 —1.235 — 3.895
1D=1C 6 - 0.139 -0.971 - 3.132
2S 18] — 0.455 - 1.626 - 5123
3S 0 0.030 -0836 - 2.845
45 0 0.338 -0.433 - 1.871
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c) (0gOgio 99
STaTE | 10+ Mg-50Gev  200Gev 1000 GV
S O 1.552 1.517 1.49?1
]IP 2 1.601 1.541 1.507
1D 4 1647 | 566 1518
25 O 1.646 1.564 1.518
35 0 1.738 1611 1,540
4s 0 1.829 1.658 {560
d) (0g0g)27 99 |
CTATE | Zu+1)  Mg=50Gev 200 Gev 1000 GeV
1s 0 |.826 1.807 17966
= 2 1833 1.809 17970
D 4 1.847 1.812 | 7976
25 0 |.903 1-845 (8137
35S 0 1.979 |.883 1 8307
‘ 25 0 2 056 | 922 | 8477
|
(e) (SeSe)2799
STATE | L+ Mg=50GeV 200 Gev 1000 GeV
1S 0 1722 1 701 1.6902
| P 2 { 732 1,704 1.6907
1 D a 1750 1 709 1.6917
2S 0 | 80l 1741 1.708]
3S 0 | 88l | 781 |.7258
as 0 1 961 1.821 | 7436
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IIT. The decay properties of the onia and the hybrids

In this section we are to discuss the decay properties of the onia and the hybrids.
If the lifetimne of the constituent fermmions is very short then the constituent fermion
dccays are dominant the decay espects of the onin and the hybrids. However, afthough
the lifetime of the exotic colored fermions is model dependent, ge:xcra}%ctﬂiing, for
any “exolics” there n]wnys/cxif.s st least one quantuin number which is conserved under
“strong” interactions, so that the lightest of the exotics is stable under the “strong”
interactions and its decay will be only due to “weak” interaction(s) which breaks the
quantum number, namely the lightest one among the exotic colored fermions with
nonzecro value of the quantum number is relatively stable. Therefore in this section we
will not discuss the decays due to the constituent directly, that means the resultant
aspect obtained in the paper is suitable for those onia and hybrids of the lightest

exotic colored fermions.

Although the onia and hybrids always have zero value of the exotic quantum num-
ber, due to the nonzero exotic quanturn number of the constituents, the onia and the
hybrids decay into the usual gluon(s) and/for qum.:k(s) may occur  only through an-
nihilation (hidden exotic). Thus the annihilation channels and the transitions among
the low lying states of the onia and the hybrids ere substantial to determine the oniwn
and the hybrid lifetime. We should notc here for most processes the color interaction
can be considered relatively weak dut to the coupling running. Namely, for most of
the onia and the hybrids, the decay rates into gluon{s} and/or usuzl quarks may be
caleulated based on the pertubative QCD framework and we list the important decays

and one gluon emitting transitions as well as the related formulas in the following.

A. The two gluon decay channel

The onia and the hybrids decay into two gluons is descnbed by the Feymann diagram
(Fig. 2) and the corresponding decay rates are given by the following formulas:

r([su(s9] - 2) = Fog 1RO (20)
P ([5:(00);] ~20) = s 1RO , (21)
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r (s3] —2) = -‘;-702 IR(O)* , (22)
C(PR00)] %) = Tok RO . (23)
[ (['50,(58):) — 29) = ‘1‘2: RO , (24)
T (['50,(00)] — 29) = gf‘— RO} . (25)
T ([*50,t00)] = 29) = 0, (26)
r (P58 ~29) = TSk ROF (27)
I ([P (00)] = 20) = 2“— RO , (28)
T ([*P.(00N] —29) = o, (29)

bere s, mo are the masses of S and O respectively, R(0} is the radial wave function
at ergin and R'(0) is the corresponding derivative of the wave function.
B. The quark pair decay channel

The onia and the hybrids decay into quark pair is described by the Feymaon diagram
(fig. 3) nnd the corresponding decay tates are given by the following formulas:

_ 2 2l
£ (P50 (58)) = Q0) = grmpe LI RO (30)
1 my + 2mj

F{()] (31)

r([’s:.(00)s] — QQ) P

here tng is the mass of the quark Q.and antiquark @, Ag is the velocity of the quarks
in C.MS. {Bq = 22).

We should note here that due to the same mechanism as that for suppressing
the neutral flavor change current, the derict contact effective interaction such as
described by eq.(1) ic very weak, so that in the above egs. (30) and {31} we ignored

its contributions at all.
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C. The three gluon decay channel

The onia and the hybrids decay into three gluons is described by the Feymann diagram
(Fig. 4) and the corresponding decay rates are given by the following formulas:

L (P50,(55)] =) = 2ot -9 2% (RO (2)
T ([*5:,(00):] »39) = 0. (33)

D. The one gluon emittion channel

The one gluon emlttion of hybrids is described by the Feymann diagram (Fig.

and the corresponding decay rates are given by the following formulas:

L ([5:,(00)] = [150,(00):] +5) = 32 G (34)
P ([50,(00)] = [5.(00),] +9) = 1SR 1(hyl (35).
I (['50,(00)s] = [\, (00):] +9) = gc':a.k’lfa(k)l’. (36)
P ([P (00)] = [150,(00):] +9) = 3CakIL®)E (37)
T ([*$,(00)] — [P, (00):] +9) = 2"; 1-5C=a.k’!h(k)l‘, (38)
D ([P5.(00)] = [51,(00);] +5) = 5Ciadn(l | (39)

here k is the momentum of the gluon, fo(k) and I (k) are the integrations of the wave

functions’ overlapping:

0 = fdro? (RAIBCPIRE)) (10
and
Lk = jdrr=(n,(r)r R,-(r)) . (41)
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. . .. . TABLE 4 Typical theoretical values of decay rates in (MeV) computed by usin
Due to O in the adjoint representaion of color, it is casy to check that the following Ye ¥ puf b4 &
the UCP. The results obtained by using the CDCP are very similar to

forbidden
processes are lorty ! these. Other decay rates can be computed simply by replacing the

color factor.

O D na O@ = 0 42 _
F(( O)" -*( )‘*' +g) ! ( ) 4a) The {0Q) system
r ((OO_):_- — (00)y, +9) =0, (43) M_ (The mass of the fermion) 50 Gev 200 Gev 1000 Gev
and o s 0.1057 0.0885 U.0745
5
[ ((00)s = (00)es +g) = 0 . (44) -
(1°s_,(ad),) » 2g 365 570 1110
For the case of (.S'S) systemn there is no such different stotes as (OC_)) system the (1351’(0(—))1) N 0 o a
; 8, i ; ) th i ch selection rules, -
symmetnc cne 22 and the antisymmetrc one 2#, 50 there 16 no su (13P2,(00)1) s 28 2,45 T 2.3
they may have the processes (34)-{39) and the formulas are the same but the color . ]
factor € should change into C; and here we have &) = 3/8 and C; = 5/12, (278,,(003,) + 2g 74.0 98.4 182
. . . 2%, 08),) 3¢ 0 0 0
If we put the values of the wave functions obtained in Sec.2 by solving the . 1 i
Schrédinger equation with corresponding effective potentials for the onia and the (1’s ,(00)85) 3 2g 182 285 555
hybrids into the above formulns, the peartial width may be calculated immediaiely. (]_351'(0('))1)4.g 7.47 4,07 1.41
We put the numberical results into the table 4. 0’(00)8 R (llPl,(Oﬁ)l)fg 21,3 4.93 153
s (2%, (00))+g 0.0884 0.0117 0.00186
3 "g" 2 0Q 3.52 5.27 9.90
s als 0y )+e 2.49 1.36 1.14
a¥s Loy 0
+ (17P,,(00},)+g 11.8 2.74 0.852
3 (2%, (00) )48 0.0295 0.0039 6.19x10™%
(1150,(05)1)+g 16.7 12,2 5.14
ale, g Y
(275, (08) )+g 53.7 27.5 0.0607
(1 Pz,(DO) » 2g 0.534 0.446 0.531
s [ (%)) e 16.7 12.2 5.14
a0 Y
+ (2 Sl,(00)1)+g 53.7 27.5 0.0607
1 ~
(2°5,:(0B) g ) » 28 37.0 49.2 91,0
> (%), 008) g 1.27 0.568 0.479
1 - -
(2%, (08)g, ) » (1'),(08) )48 45.9 24.4 21.2

3 (2%,,(00) )48 0.682 0.191 0.0962




TABLE 4a {continued)
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50 GeV 200 Gev 1000 Gev
3 "g" 3 Q0 0.877 0.957 1.67
3 - 1 -
(2%, (00)g 3] 3 (178, (00))+g 0.423 0.189 0.160
, 3 (13P2,(05)1)+g 25.5 13.6 11.8
3 (2150,(06)1)+g 0.227 0,0636 0.0321
(ls . 08y sy+z’ £.952x107° 0.0467 0.128
(zlso,(oa)l) I 0.00120 0.00768 0,0203
(1150,(0631) 3 2020 0 0,458 1.39
(zlso.(oﬁ)l) 4 2020 0 0.0759 0.221
(s, 0 4 W 0 9.64 26.4
(2150,(06)1\ oW W 0 1.59 4.20
1 _
(s, @8 ) 37+ 3.02 5.33 11.8
(zlso.(oﬁ)ﬂa) st g 0.734 0.955 1.98
(1150,(00)8a) 3 P4y 0.00172 0.0707 0.163
(2150,(06)83) 3 2%+ g 0.00217 0.0116 0.0259
4b) The (58) system
MS {The mass of the fermion) 50 GeV 200 GeV 1000 GaV
(1‘50,(53)1) ) 2 458 720 1400
s, 5+ 3% 4.87 6.42 10.5
(13P2,(5§)l) 3 28 3.55 .15 3.62
(2150.(55’;)1) 2 2g 50,9 125 229
(2351,(55)1) s 3z 0.968 1.11 1.71
4 2g 0.00548 0.538x1073 0.420x10™
+ (175, (55),)+g 11.6 6.72 5.85
2 1 1
(178,,(53) o) 1 _
» ('), (59) )+g 12.0 1.77 0.217
4+ (2%, (B )+g  0.0471 0.00332 0.966x10™"
+"g" 3 Q7 5.05 7.64 14.5
» s ,(s8) )+g 3.87 2.24 1.95
3 = 0 1
(178,.(85) ) 3 _
3 (1 92,(ss)l)+g 6,66 0.982 0.121
3 (2150,(55)1)+g 0.0157 0.00111 0.322x10"%

-23=-
TABLE 4b (continued)
50 Gev 200 GeV 1000 Gey
) 4 {1150.155)1}+q 25.6 21.6 29.2
alp). 1s8) ) .
5> (2hs,. (58 )+g 59.7 32.4 27.6
> g 0.869 0,771, 0.887
(1,55 0{ + 1%,,(s81)+q  25.6 21.6 29.2
\-a (2%,,(s8) )+g  59.7 32.4 27.6
s 2 0.00109 0.936x10™ 0.683x107°
L | s sseg 17 0.912 0.810
(2's,, (s8) ) _
s (e, is8 g 68.8 38.9 35,6
+ (2351,:s§3 )49 1.16 0.362 0.196
3 "¢ 3+ D 1.16 1.37 2.47
3 _ + (1130, (S5) P9 0.59% 0.304 0.270
(25, (s8) ) .
+ (P, (s 1vg 38,2 21.6 1.8
l-» (2150,(S§)I)+g 0.388 0.121 0.0652 .
(1150, (s§)13 + y+2° 0 0.0486 0.132
(s 88 4 v+ 2¢ 0.00110 0.00797 0.0207
(1150. (s5) v 2%2° 0 0.476 1.44
(2'sy, 881+ 2%° 0 0.0787 0.226
(1150. 3, »  WW 0 10.0 27.4
(2150, (81 » Wi 0 1.65 4.29
(s, (B + v +g 4.41 7.82 17.4
(255, (sB1g) > v +g 0.979 1.37 2.93
sy (B g » 2044 0 0.0982 0.225
(s By » g 0.00264 0.0161 0.0352
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We should note here that the two glucn dcc;)’r'dot:‘color-singlct 115, state is about
severel hundreds MeV. This is larger than thet for gluinenium. This diflerence comes
mainly from the Majorana factor 1/2, which should be involved for the gluinonium
case. The 35 states for b ¢l (OO_)_.' and (S.‘;')_,_ nre rather narrow. In addition,
since the bound states of the ¢ 7tm (00); (eor (35')_._) are much lighter than those
of the hybrids e.g.((00)sg)s | - ((55)s9)3), the hybrid states fall into the corre-
sponding onjum states by emitting one gluon will have a presice nonzero possibility,
thus we expect a rich monochromatic gluon spectrum. It is also due to .suc_h transi-
tions that many of hybrid levels become broad while the lower onium levels remain
comparatively narrow.

Having the gluon and the quark decay formuls, it is easy to obtsin the production
cross section formula for hadron collider through gluon fustion or quark eanihilation.
We will discuss this in detul elsewhere. Here we only point out that the production
cross sections are ccrtmh’qmtc big, especially, through the inverse process of ' Sg decay
into two gluons, two gluon fusion mechenism.

If the exotic fermions carry electric charge and/or form one extra weak doublet,
then the onia and the hybrids may decay into photon(s) and/or intermidiate boson(s)
W ond Z if its mass falls abqve the threshold, otherwise decay into virtual W oor
2 as usual weak f-decay. Since the eleciroweak properties of the exotic colored
fermions are model dependent we just write down the possible decay formulas with
some parameters, which need to be determined by a specific model.

1) For the onia, we have:

a). The two photon decay

I [o;* ((00), or (55);) =~ 27] = 4Ba ’Q"R(O)l , (45)

here 0=+ means J7, } the charge (in unit ) of the constitdhts (Cor5)end M = 2mp

or 2ms, B = 8 or 6 for (00); or (§5), respectively, a is the constant of fine structure.

b). The photon and Z° decay
8Ba*Q?
sin?f cos?0,,

2 m3\ 3
(-;—T; - Qain’ﬁ,) . 1%l—(l - }LT.’) , {486)

To;* ((00), or (§3),) —v+2°] =
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here Ty—the weak isospin is z axis. 8,—the weinberger angle.

c}. The two Z° decay
(58}

. 48a?
Loy ((00); o) — 2°77] = PR
21 R0
; (%T; — T3Qsind, + Q’-in‘a-) LS ;p) |
am3\} (M2 — m2)(a? — 3m3)
' (l - 7.71‘) O —2mly 0

d). The W-W pair decay

«B _[RO)

I [o;* ((00); or (55);) — Ww"| = Tt M

M3

(M? — 3ml)(M? — mu)( fﬁ)%. (48)

(M3 —3m32 )

it) For the hybrids, we have:
a). The photon and gluon decay

[0‘*‘ ((OC)).. or (S5}, ) — 1+ g] = SQ’aa.

here B¢ =3 for (OO)E’ B: = % for (SS):.‘

b). The Z° and gluon decay

r [0? ((00)y o (53)3_) —~2°+g]=

IR(O)I’ B, (49)

aanQ’

B
sin?l, cos?l,

(%Ts - Q.u'n’a.)z %ﬁ (1 - -E-;) : (50)

Here we restrict ourselves to consider JPC

heve some idea on these decays.

= 0t only as some examples, 50 as to |
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IV. Summary

According to our discussions and the numenical results, we would emphasize sev-

eral points here.
First of all it is casy to see that an exotic colored fermion and antifermion system
has plentiful bound states| in addition to its onium. It has several series of hybrids

becense the exotic fermicn is'%,hjgh demension representation of color. For example, for

(Q0) system we have an onium, (00, 9)1, ((00)se,9)s, ((00)10,99)1, ((O0)z,¢9)s

and ((OO)z,90);. In this paper we discussed ((O0)g,99)1, ((O0)g,99); and
((00)x,99)s less than ((O0)u, )1 and ((O0)s., g):. However, for the usual quark
-antiquark system, we have only two, ane onjum and one hybrid ({(¢3)., ). Here not
only in the cnium but slso in some hybrids c.g.(O(j)._:,(OG),:, the interactions be
tween the two constituents are attractive even at short distances (see Fig 1.), so that
there are scme states whose binding energies nre negative (relatively sti[e). Thus we
have more reasons to expect clear  experimental evidence for the spectra of (O@).__.
and (OO0),, as well as those for its onium will be observed if the exotic colored fermions

— vy
O CX15L.

Cle

Owing to the heavy masses of the exotic colored fermions, the exotic fermions in
hybrids are located at the center of the bag essentially and the hybrid bag is closed to a
sphere for low lying states, especially for those kinds of hybrids as {O0)a., (OO0),, and
($5)s with attractive interaction in whole range. This is consistent with the starting
point that, for simplic,. we ignored the bag deformation when we computed the Lybrid
eflective potential. Although we also computed some states with the molecular-like
maodel in section 2, the spherical model should be considered to be more reslizable,
and the calculations on those kinds of hybrids as (OO),,{00)s, and (55)s for low

lying st{ate are more convincing.

The (O0) system has some interesting aspects. Being in an octet for the con-
stituent fermion O, the gauvged coupling of it to gluon is antisymmetric (adjoin rep-
resentation} so that (OO} J& = 17~ state can not decay into 3 gluons under first
order approximation.. Hence the (00), JFC = 17~ will have longer lifetime than
that of (55')1 JFC = 177, Moreover, there are two series (O@).ﬂ. and (Oé}.‘. hybrids

and under the lowest order epproximation they are degenerated but their decay be-

*Some authors have pointed this out PIM*)
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havior is quite different as pointed in Sec.3. So in principle this point might be used
to identify the color multiplet as an octlet, but we should note that if higher order
corrections are considered the degeneration of (Oé)._. and (OO-)E_. will be removed,
for example, by cousidering self energy splitting due to gluon(s) ennihilation, cwing
to that (Oé)t. starts with two gluon ennihilation but (OO—),__. with one, then the de-
generation must be melted. If higher order corrections are considered, not only the

degeneration will be melted but also some new phenomena will occur, for example,
1) Sy e iy b LT Wy [y o iyt [ SRR < g SO Sy | SSRpre.4 B . S S,
COC CUTIEY JTYTL BPLILLILIEK WPV IUIC AU Oy PCLILUC ALIUCHULICS O WOLL O pPUsaltic LLI.]X.I.L]&

among the states etc,. All of these we have not touched in this paper, although these

mey make some changes on the spectra and various transitions, we will

discuss these elsewhere.
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Figure Captions

Fig. 1:

The eflective potentials between the constituents fermion and antifermion

in onia and hybrids.

Fig. 22 The lowest order diagram of the two gluon decay channel for onia and

hybrids.

Fig. 3:  The lowest order diagram of the quark pair decay channel for onia and

hybrids.

Fig. 41 The lowest order diagram of the three gluon decay channel for conia eand

hybrids.

Fig. 5: The lowest order diagram of the emitting one gluon channel between a

hybrid and & onium.
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